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(57)Abstract: 

PROBLEM TO BE SOLVED: To facilitate arrangement of 
elements in an ultrasonic wave speaker that employs a 
piezoelectric element ultrasonic wave transducer to 
direct a beam. 

SOLUTION: An ultrasonic wave modulator modulates an 
ultrasonic wave signal with a central frequency (f) on the 
basis of an input of an audible signal. Many delay lines 0 -20tog 
delay the modulated ultrasonic wave signal in order to 
direct a beam pattern toward an angle 80. A speaker 
outputs the ultrasonic wave signal by directing the beam 
pattern toward the angle 00. The ultrasonic wave 
speakers are placed so that a center distance (d) is 
greater than half the wavelength A/2 of the ultrasonic 
wave. Thus, the beam pattern has a main lobe and at 

least one grating lobe. The main lobe has a mode K and the grating lobe has an attenuation 
Ga with respect to the attenuation of the main lobe. Expression (1) holds between the values 
d, f, K, Ga, and 90, where c is a sound velocity. 
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ULTRASONIC SPEAKER SYSTEM CAPABLE OF STEERED BEAM RADIATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an ultrasonic speaker 
system. 

2. Description of the Related Art 

A conventional speaker generates sound waves that 
radiate in a broad pattern. Although it is theoretically 
possible to form a sharp and directive audio beam using an 
array of speakers, the array must include a large number of 
loudspeakers. Also, the array would take up a great deal of 
space because of relatively long wavelengths from audible 
speakers f that is, in the range of 17.40 to 1.74 meters, and 
also because of the characteristics of the wave motion. 

On the other hand, an ultrasonic transducer (speaker) 
array can produce a narrow-width sound beam. An ultrasonic 
signal is amplitude modulated by an audio signal and used to 
drive the ultrasonic transducer array, to produce an 
amplitude-modulated ultrasonic beam. The amplitude-modulated 
ultrasonic beam becomes demodulated when propagated through 
air because of the non-linear propagation characteristics of 
air. Only audible sound with frequencies other than the 
ultrasonic signal remains. Parametric arrays use this 
phenomenon to produce a * sound spotlight"' that is audible 
only by people at the location of the sound spotlight. 
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European Patent 0 973 152 A2 proposes reflecting such 
a narrow-width ultrasonic beam from a rotatable reflecting 
surface. The ultrasonic beam can be steered to a desired 
location by rotating the reflecting surface. If the 
ultrasonic beam is reflected onto a second surface that 
absorbs ultrasonic frequencies but reflects audible 
frequencies, then the audible sound will appear to originate 
from the second surface. If the second surface is a movie 
screen, then the audible sound can be made to follow 
characters of the movie across the screen by rotating the 
reflecting surface . 

European Patent 0 973 152 A2 also discusses the 
possibility of using a curved surface that absorbs 
ultrasonic sound but reflects audible sound, so that all 
audible reflections can be directed to a specific listening 
area . 

European Patent 0 973 152 A2 describes a transducer 
array with a plurality of ultrasonic transducer modules 
arranged in a two- or three-dimensional configuration. A 
network applies variable relative phases to signals applied 
to the transducer modules in order to facilitate electronic 
focusing or steering. Because the signal is wideband, it is 
possible to use delay to steer the beam from the array, 

SUMMARY OF THE INVENTION 
The present inventors attempted to produce an 
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ultrasonic speaker system capable of beam steering using 
piezoelectric-type ultrasonic transducers . Piezoelectric- 
type ultrasonic transducers range in size from 1 cm to 4 cm 
in diameter. When attempting to assemble the ultrasonic 
transducers into an array , the inventors discovered it is 
extremely difficult to provide the standard half wavelength 
spacing between the ultrasonic transducers, because the half 
wavelength of an ultrasonic wave is so small, that ia, in 
the order of millimeters- The inventors realized that such 
an arrangement for steering an ultrasonic beam produced from 
an ultrasonic transducer array would be difficult to realize 
because the ultrasonic transducer elements would have to be 
very small and separated by only a very short distance. 

It is an objective of the present invention to 
overcome the above-described problem and provide an 
ultrasonic speaker system that enables more free arrangement 
of speakers in the array. 

An ultrasonic speaker system according to the present 
invention includes an ultrasonic modulator, a plurality of 
delay lines, and a plurality of ultrasonic speakers 
connected in a one-to-one correspondence to the delay lines. 
The ultrasonic modulator modulates, based on an input audio 
signal, an ultrasonic signal that has a center frequency f 
and outputs a modulated ultrasonic signal accordingly. The 
delay lines receive the modulated ultrasonic signal from the 
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ultrasonic modulator and output the modulated ultrasonic 
signal each with a different delay for beam steering to an 
angle 0 0 . The ultrasonic speakers output, according to the 
modulated ultrasonic signal as delayed by the delay lines, 
ultrasonic waves in a beam pattern steered to the angle 0 O . 
The ultrasonic speakers are disposed with center-to-center 
distance d that is greater than half -wavelength X /2 of the 
ultrasonic waves, resulting in the beam pattern including a 
main lobe and at least one grating lobe. The main lobe has a 
mode number K and a grating lobe nearest to the main lobe 
has an attenuation G a with respect to attenuation at the 
main lobe. Values of the distance d, the frequency f, the 
mode number K, the attenuation G d , and the angle 0 0 are 
related as follows: 



wherein c is the speed of sound. 

Because the ultrasonic speakers have a center-to- 
center distance d of more than the half wavelength X 12 of 
the ultrasonic waves, a very sharp beam can be produced so 
that the sound can be focused on a very selective audience. 

The present inventors recognized that the values of 
the distance d, the frequency f, the mode number K, the 
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attenuation G ar and the angle 0 O are related in the claimed 
manner. A speaker system designer can use this relationship 
to easily calculate the radiation pattern of the speakers by 
designating what level of attenuation G a is acceptable and 
solving for mode number K as follows: 



The designer substitutes the mode number K in the 
following formula to determine what radiation pattern a 
speaker needs to have to suppress grating lobes : 

4(0) = cos r (0) 

Because delay lines apply a delay to the modulated 
ultrasonic signal before the ultrasonic speakers output the 
ultrasonic waves, the beam steering can be electrically 
controlled, rather than physically controlled. 

It is desirable to provide, a convex reflector in the 
path of the main lobe for increasing steering angle. Because 
a convex reflecting surface is used, the limited range of 
desired angles can be magnified, for example, from only a 
few degrees to over ten degrees. 

It is further desirable to provide a preprocessor for 
processing the audio signal input to the ultrasonic 
modulator to reduce distortion of outputted audible sound. 



K = 




cosfl 0 
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It is further desirable that the ultrasonic speakers 
be a piezoelectric type. Piezoelectric type ultrasonic 
speakers are inexpensive. However, because of their fairly 
large size r from 1 cm to 4 cm in diameter, are difficult to 
space close together. The present invention allows use of 
inexpensive piezoelectric type ultrasonic speakers because 
the spacing is set to greater than the half wavelength A/2. 
BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other objects, features and advantages 
of the invention will become more apparent from reading the 
following description of the embodiment taken in connection 
with the accompanying drawings in which: 

Fig. 1 is a schematic view showing an ultrasonic 
speaker system according to an embodiment of the present 
invention ; 

Fig, 2 is a block diagram showing the ultrasonic 
speaker system of Fig, 1; 

Fig. 3 is a schematic view showing sound pressure 
directivity of an individual ultrasonic speaker of the 
ultrasonic speaker system; 

Fig. 4 is a schematic view showing sound pressure 
directivity of an ultrasonic speaker array of the ultrasonic 
speaker system; 

Fig. 5 is a graph representing ultrasonic waves from 
the speaker array, which has center-to-center speaker 
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spacing of greater than half wavelength, the ultrasonic 
waves combining to generate an -ultrasonic beam pattern with 
a narrow main lobe steered to -3 within the range allowed 
by the sound pressure directivity of the speaker array; 

Fig. 6 is a graph representing ultrasonic waves from 
the speaker array combining to generate an ultrasonic beam 
pattern with a main lobe steered to 0 ; 

Fig. 7 is a graph representing ultrasonic waves from 
the speaker array combining to generate an ultrasonic beam 
pattern with a main lobe steered to +5 within the range 
allowed by the sound pressure directivity of the speaker 
array; 

Fig. 8 is a graph representing directional patterns of 
a delay beamformer for different frequencies wherein element 
spacing is half wavelength; 

Fig. 9 is a graph representing radiation patterns of a 
single ultrasonic speaker for different values of a mode 
number ; 

Fig. 10 is a graph representing the same conditions as 
Fig. 8, but with element spacing of greater than half 
wavelength, assuming the speaker array is non-directional; 

Fig. 11 is a perspective view showing the present 
invention applied to enhance volume of a television program 
selectively for a single viewer of a group of viewers; 

Fig. 12 is a perspective view showing the present 
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invention applied to direct a sub-channel sound, for example, 
an English-language sound track, selectively to a single 
viewer of a group of viewers; 

Fig. 13 is a perspective view showing a conventional 
surround sound configuration; 

Fig. 14 is a surround sound configuration according to 
the present invention; and 

Fig. 15 is a schematic view showing another embodiment 
of the present invention, wherein the speaker array is a 
two-dimensional array rather than a one-dimensional array . 
DETAILED DESCRIPTION OF THE EMBODIMENT! 

Next, an ultrasonic speaker system 10 according to an 
embodiment of the present invention will be described while 
referring to the attached drawings. As shown in Fig. 1, the 
system 10 includes an ultrasonic speaker array 20, a convex 
reflector 30, a signal processor 40, and an input unit 50. 
The ultrasonic speaker array 20 includes a row of five 
piezoelectric type ultrasonic speakers 21a to 21e. 

As shown in Fig. 2, the input unit 50 includes an 
audio signal input unit 51 that inputs an audio signal 
representing audible sound and a desired angle ff 0 input unit 
52 that inputs data representing the desired angle 0 0 for 
beam direction into the signal processor 40. 

The signal processing circuit 40 . includes a 
preprocessor 41, an ultrasonic wave modulator 42, a variable 
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delay unit 43, and an ultrasonic signal source 44. The 
preprocessor 41 performs preprocesses on the audio signal 
from the audio signal input unit 51 to reduce distortion of 
outputted audible sound. The preprocessor 42 operates in the 
manner described by F. Joseph Pompei in *The Dae of Airborne 
Ultrasonics for Generating Audible Sound Beams 9 m The Journal 
of Audio Eng. Soc, Vol. 47, No. 9. 1999 September, the 
content of which is incorporated herein by reference. 

The ultrasonic signal source 44 outputs an ultrasonic 
signal to the ultrasonic modulator 42. The ultrasonic signal 
has a center frequency f that is higher than 20 KHz. The 
ultrasonic modulator 42 modulates the ultrasonic signal 
based on input of the audio signal processed by the 
preprocessor 41 and outputs a modulated ultrasonic signal 
x(t) accordingly to the variable delay unit 43. 

The variable delay unit 41 includes a plurality of 
adjustable delay lines 43a to 43e. The delay lines 41a to 
43e each receive the modulated ultrasonic signal from the 
ultrasonic modulator 42 and output the modulated ultrasonic 
signal each with a different delay for beam steering to the 
desired angle 0 0 that was input from the desired angle 0 0 
input unit 52. The delay time set for the variable delay 
circuit is calculated for each speaker 21a to 21e according 
to the desired beam angle 0 O . 

As shown in Fig. 3, each speaker 21 of the array 20 
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has a sound pressure directivity of a few degrees to ten 
degrees- As shown in Fig. 4, the array 20 is made from 
aligning the five ultrasonic speakers 21a to 21e in a one 
dimensional array. The five ultrasonic speakers 21a to 21e 
are connected in a one-to-one correspondence with the delay 
lines 43a to 43e. As a result, the speakers 21a to 21e 
generate different ultrasonic waves according to the 
modulated ultrasonic signal as delayed by the delay lines 
43a to 43e. As shown in Figs. 5, 6, and 7, the ultrasonic 
waves combine to generate an ultrasonic beam pattern 70 with 
a main lobe 71 steered to the desired angle 0 O (== -3 , 0 , 
and +5 in Figs . 5 , 6 , and 7 , respectively) . As the 
ultrasonic beam propagates through the air, audible sound is 
generated because of the nonlinear nature of air. 

The ultrasonic speakers 21a to 21e are spaced with a 
center-to-center distance d that is greater than the half- 
wavelength X 12 at the center frequency of the ultrasonic 
carrier waves emitted from the speakers 21a to 21e. Because 
the center-to-center distance d is greater than the half- 
wavelength X 12 of the ultrasonic waves, it is much easier 
to arrange the speakers 21a to 21e in the array 20. Also, as 
shown in Figs. 5, 6, and 7, the resultant beam pattern 70 
has a main lobe 71 with a desirable narrow width. Because 
the main beam is sharper, it can be directed to a more 
specific audience. In contrast, Fig. 8 shows a beam pattern 
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generated when the center-to-center distance d is equal to 
the half-wavelength X 12 of the ultrasonic waves. Note the 
wide main lobe. 

The main lobe 71 has a mode number K, which influences 
the width of the lobe 71. That is f as shown in Fig. 9, the 
larger the value K, the narrower the beam width. 

As shown in Figs. 5, 6, and 7, when the center-to- 
center distance d is greater than the half-wavelength X 12 
of the ultrasonic waves, then the resultant beam pattern 70 
also includes at least one grating lobe 72. The- grating lobe 
72 nearest to the main lobe 71 has an attenuation G a with 
respect to attenuation at the main lobe 71. Any other 
grating lobes have a much higher attentuation . 

As will be described later/ the values for the center- 
to^center distance d, the frequency f, the mode number K f 
the attenuation G a , and the angle 0 O are related as follows; 



wherein c is the speed of sound. 

Fig. 10 shows a beam pattern emitted from a speaker 
array with individual speakers separated by a center-to- 
center distance d of 1.5 cm. The speakers emit ultrasonic 
waves with frequency from 55 KHz to 65 KHz , that is, a half 
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wavelength X /2 of from 2.6 mm to 3.1 mm. Therefore, the 
center-to-center distance d is much greater than the half 
wavelength X /2 . As a result, grating lobe beams 72 are 
generated to the left and right of the main (0 ) beam 71, 
which points perpendicular to the speaker surface. 

The example shown in Fig. 10 assumes that the sound 
waves are generated in all directions, that is, without 
directionality, and have the same amplitude and phase. 
However, the ultrasonic speaker array actually has sound 
pressure directivity SPD only in a narrow range as indicated 
by the arc-shaped line in Fig. 6. Therefore, the actual beam 
pattern appears as shown in Fig. 6. That is, the beam 
pattern is the product of the beam pattern of Fig. 10, which 
assumes non-directionality, and the sound pressure 
directionality SPD of the speaker itself. The grating lobes 
can be reduced by properly utilizing the audio pressure 
directionality of the speakers themselves, so that a beam in 
only a desired direction is synthesized, and beams in 
undesirable directions, that is, grating lobes, can be 
removed. 

Direction of sound waves from the speaker array 20 can 
be swung by the desired angle 0 0 left or right by changing 
the delay time at the delay lines 43a to 43e. However, the 
range of possible angles is limited by the audio pressure 
directionality of the speakers as shown in Figs. 5 and 7. In 
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some cases, the angle range is limited by the radiation 
pattern of the ultrasonic speaker array 20 from a few 
degrees to about 20 degrees. Also, the range of possible 
steering angles is limited by practical limits of values 
used in equation (1) . By providing the convex reflector 30 , 
the angle range at which the beam can be swung can be 
greatly broadened. 

Here, examples will be provided for applications of 
the ultrasonic speaker system according to the present 
invention . 

Fig. 11 shows an example where a television viewer who 
is hard of hearing is watching television in a room with 
people having ordinary hearing ability. The beam of high- 
volume audible sound is directed to the television viewer 
who is hard of hearing. Because the beam is louder than the 
normal non-directed radiation of sound, the hard-of -hearing 
viewer can more easily hear it. However, because the beam 
has high directionality, it does not annoy the surrounding 
television viewers. 

Fig. 12 shows an example of a group of people watching 
a television program broadcasted with both Japanese- and 
English-language tracks. A beam of the English- language 
track is directed to one member of the group who wishes to 
listen to the English version of the program, while the 
other members listen to the non-direction radiation of the 
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Japanese language version. 

Figs. 13 shows how surround sound is conventionally 
realized in the conventional manner using five speakers and 
one subwoofer. Fig. 14 shows how surround sound is realized 
according to the present invention by emitting five highly- 
directed sound beams from a single speaker. By reflecting 
the beams off walls as needed, the listener hears sound from 
five different directions. The beam directions can be easily 
adjusted to take into account the shape of the room and the 
like. 

Next, the basic theory behind the present invention 
will be explained. 

Each of the adjustable delay lines 43a to 43e can be 
referred to as T„, n=l,2,...N, where N is the number of 
speakers in the speaker array 20, that is, N is five in the 
embodiment. The adjustable delay lines T n are controlled by 
the desired angle 8 0 of the main lobe of the directional 
beam pattern as follows: 

d 

7h = r o +(/i-l)-sin0 o (2) 
c 

d 

The constant delay 7J£(JV-1)— is required because 

c 

without T 0 , a negative delay will be obtained for negative 
values of 0 5 , which can not be implemented. The signal 
received at far field in the direction 0 (-90 < 0 < +90 ) , 
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is equal to: 

= A(6)£^-T,-f,) (3) 

wherein x n (t) is the signal transmitted from speaker n, 

x n is the delay from the different distances between 
the elements and the audience , and 

A(0) is the overall gain of the elements and the path. 

The time delay r n in the example of Fig. 2 is equal 

to: 

T » =T o -(n-l)-sin0 (4) 
c 

wherein x 0 is the constant transmission delay of the first 
speaker xi(t) and is independent of the far-field reception 
direction 6 . 

The gain A( 9 ) can be divided into the following two 
components : 

A(e) = 4(0M* (5) 

where A].{ 0 ) is the angle-dependent gain of the elements, 
and 

A 2 is the attenuation due to the distance. 
Substituting equations (4) and (5) into equation (3) 

yields: 
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ami C 



where ao=To+To- 

In the frequency domain: 

J *</) 



in" d 



sin nfN — (sin0 o -sing) 

J— 1 (7) 



sm 



^-(an0 o -sin0)J 



c 

From equation (7) , it is apparent that beam formers 
produce different directional patterns for different 
frequencies. Fig, 8 is a graph showing directional patterns 
produced by a beam- forming speaker array with center- to- 
center speaker distance d of the half wavelength X /2, for 
11 frequencies uniformly distributed from 55 to 65 KHz . The 
example of Fig. 8 shows the normalized amplitude of equation 
(7) , wherein the following conditions are substituted into 
equation (7) : an AM signal with a center frequency f of 60 
KHz and bandwidth of 10 KHz , a far-field reception direction 
8 of 10 , -90 < 0 < +90 , number of speakers N of 10, 
center-to-center speaker distance d of 2.6 mm, speed of 
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sound c of 340 m/s, and perfect speakers, that is, the 
angle-dependent gain A( 6 ) equals the distance-related 
attenuation A 2 . It can be seen that the signal-to-noise 
ratio dB is the same for all frequencies, that is r the 
signal-to-noise ratio is completely independent of the 
frequency, when the desired beam angle 6 0 is the same as 
the far-field reception direction 0, but that the signal-to- 
noise ratio dB becomes increasing dependent on the frequency 
f as the difference between the desired beam angle 8 0 and 
the far- field reception direction 6 increases. Nevertheless, 
the beam former is considered wideband with a fractional 
bandwidth of 10/60, that is, 17 percent. It should be noted 
that the same but unmodulated message would have a 
fractional bandwidth of 5/2.5, that is # 200 percent. 
Consequently, a simple delay beam former could not be so 
helpful when using an unmodulated audio signal (as opposed 
to modulated ultrasound) because the ratio of the center 
frequency to the bandwidth would be so large that it would 
be difficult to performe beanforming. A more complex filter- 
based beam former would be reuqired. In addition, because 
the center-to-center speaker distance d is a mere 2.6 mm, it 
would be very difficult or perhaps impossible to produce an 
actual speaker array. 

A speaker array can be more easily produced by 
increasing the center-to-center speaker distance d to 
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greater than half -wavelength X /2. This increase also 
results in a sharper main beam. Because the main beam is 
sharper, it can be directed to a more specific audience. On 
the other hand, this increase produces undesirable grating 
lobes in the region where a listener of the speaker will 
usually be, that is, in the angle range of -90 < 0 < +90 . 

Here, the angles of the grating lobes and the 
condition for their existence will be determined. First, 
equation (7) can be rewritten for when the far-field 
reception direction 0 equals the desired beam angle 6 0 
assuming that the angle-dependent gain A{ 0 ) equals the 
distance-related attenuation A2- Said differently, equation 
(7) can be rewritten as follows for the main lobe assuming 
perfect transducers : 



The relationship of equation (8) is also established 
for other angles 6 g resulting in grating lobes at these 
angles- To calculate the grating lobe angles 0 g , first from 
equation (7) it can be determined that: 



sinj^sf— (sin0 o -$in& # J 

Now, equation (9) is solved for the grating lobe 
angles 8 g in the following manner: 
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sin # — (sin 0 O - sin 0^ ) J = 0 

7tf — (sin0 o - sin0 x ) = 



(10) 



wherein in = +/-1, +/-2 



F 



The result is: 



9 = sin~ l (sin0 o -m— ) 



(U) 



The first grating lobes are given for m « +/-1. It 
can be understood that a beam forming network: will not 
generate grating lobes if there is no grating lobe angle 0 g 
among thB values -90 < 0 < +90 . The worst grating lobes 
appear when the desired beam angle 0 0 is +/-90 . It can be 
determined from equation (11) as follows that no grating 
lobes will appear when the center-to-center speaker distance 
d is equal to or less than the half wavelength X/2: 



It is interesting to note that grating lobe angles 0 g 
are not a function of the number N of speakers, but are 
quite dependent on the center- to-center speaker distance d. 

To show that grating lobes appear when the center-to- 
center speaker distance d is greater than the half 
wavelength X /2, Fig. 10 is a graph showing the same 
conditions as Fig. 8, but with a center-to-center speaker 
distance d of 15 mm, so that the center-to-center speaker 
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distance d is greater than the half wavelength X 12 . Grating 
lobes appear as a result of this greater inter-speaker 
spacing. Note that the nearest grating lobes for frequency f 
of 60KHz are at 33.5 and -11.8 degrees and are inconsistent 
with equation (11) . The greater the difference between the 
far-field reception direction 0 and the desired angle 6 0 , 
the greater the frequency dependence of the beam patterns. 

Note that the main beam 71 of Fig. 10 is much 
narrower than the main beam of Fig. 8. The corresponding 
equation can be derived easily. The inter-null beam width 
INBW is defined as the difference between the nearest two 
nulls around the desired beam angle 0 0 - Assuming an inter- 
null beam width INBW of zero, then the following 
relationship can be determined from equation (7) : 

(sin0 o -sin0)=:OTjr (13) 

c 

wherein, m - +/-1, +/-2, .... 

The first two angles 0 1 and 0 2 around the desired 
beam angle 0 0 can computed from equation (13) for m « +1 
and m - -1, respectively, as follows: 

ujri 

0 2 = sin- 1 (Bin0 o + -iL) (is) 
Hence, the difference between inter-null beam width 
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at the first two angles 0 x and 6 2 , that is, INBW A 9 = 0 2 
0i , can be determined to be: 

Z^W-sm-^sbO.+^-sin-^sme,-^-) (16) 
ctJN djN 



It is clear that for 



sin0 o ±. C 



>1 , no nulls are 



present on either the left or right sides of the desired 
beam angle B Q . As a special case, the inter-null beam width 
INBWd when the desired beam angle 6 0 is zero is: 

mBW^lsm^) ( i7) 
djN 

That is, increasing center-to-center speaker distance 
d lowers the inter-null beam width INBW and produces sharper 
beams- Equation (16) can be easily tested using the 
conditions used in the examples of Figs, 8 and 10. By 
substituting these conditions , the inter-null beam widths 
INBW for the examples of Figs. 8 and 10 can be computed as 
25.6 and 4.4 degrees, respectively. 

From the above discussion, it can be understood that 
increasing the center-to-center speaker distance d produces 
sharp beams, but with many grating lobes. Next, more details 
will be given about the directional patterns of the speakers 
21 of the speaker array 20. The individual speakers are 
directive and with an angle-dependent normalized gain Ai( 6 ) 
represented by the following radiation pattern: 
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4(0)=cos r (e) (is) 

wherein, K is the mode number of the radiation lobe. 

Ultrasonic speakers (transducers) are produced with 
various frequency characteristics and directivities. 
Different radiation patterns of ultrasonic speakers can be 
approximately represented by selectively substituting the 
mode number K in equation (18). Fig. 9 shows radiation 
patterns {angle dependent normalized gain Ai(0)) produced 
by a single ultrasonic transducer for several values of the 
mode number K. 

If equation (18) is substituted into equation (7) , 
and then equation (7) is calculated for when the far-field 
reception direction 0 equals the grating lobe angles 9 g , 
then from equation (10) with m - +/- 1 it can be determined 
that: 

)| = ^tfcos^sin^sne, ± -U) ( 19 ) 

Because of the assumption of directive elements, 
attenuations of -2Ologcos r 0 o dB and -2Ologcos r (sin" 1 (sin0 o ±— 

are produced at the far-field reception direction 0 D and 
the grating lobe angles 9 q , respectively. The required 
attenuation G a dB at the angles of the nearest grating lobe 
with respect to the attenuation at the desired beam angle 0 0 
can be calculated using equation (1) . Therefore: 
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The positive and negative signs (±) in equation (20) 
are used for negative and positive values of the far-field 
reception direction 0 , respectively. 

The appearance of center frequency f in most 
equations shows the frequency dependence of the calculations 
and results. Whenever necessary , the center frequency f of 
the signal's carrier can be used to estimate parameters , 
such as the mode number K in equation (20). For example, it 
can be estimated that a mode number K of 85,7 is required 
for the array of the example shown in Fig. 10 when 30 dB is 
acceptable for the attenuation G a at the angles of the 
nearest grating lobes at far-field reception direction 0 0 of 
+/- 5 . Figs. 5, 6, and 7 show the overall directional 
patterns of the speaker array with the mode number K of 85.7 
in the case of a desired beam angle 0 0 of -3 , 0 , and 5 , 
respectively. Higher mode numbers K produce more attenuation 
G, of the grating lobes, but simultaneously reduces the 
range of useful angles 0 0 of the beam steering. There is a 
trade-off between the attenuation G a and useful angles 6 „. 
If the mode number K is fixed and a desired attenuation G a 
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with respect to attenuation at the main lobe is set, then 
equation (20) can be solved for the desired beam angle 9 0 by 
trial and error to determine the range of useful angles 0 0 
of the corresponding speaker array. 

While the invention has been described in detail with 
reference to specific embodiments thereof , it would be 
apparent to those skilled in the art that various changes 
and modifications may be made therein without departing from 
the spirit of the invention, the scope of which is defined 
by the attached claims. 

For example, although the embodiment describes the 
speaker array 20 as having a row of five ultrasonic speakers, 
ten ultrasonic speakers provides the same effects. 

Also, a two-dimensional speaker array 20' as shown in 
Fig. 15 could be used instead. The speaker array 20' 
includes n rows and m columns of speakers 21. In this case, 
the signal processor 40' includes a delay line for each 
column of speakers and the signal from each delay line is 
sent to all the speakers in the corresponding column. The 
vertical alignment of speakers in each column increases 
power of the generated sound 1 waves. 
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What is claimed is: 

1. An ultrasonic speaker system comprising: 
an ultrasonic modulator for modulating, based on an 
input audio signal, an ultrasonic signal that has a center 
frequency f and outputting a modulated ultrasonic signal 
accordingly; 

a plurality of delay lines for receiving the modulated 
ultrasonic signal from the ultrasonic modulator and 
outputting the modulated ultrasonic signal each with a 
different delay for beam steering to an angle 0 Of and 

a plurality of ultrasonic speakers connected in a one- 
to-one correspondence to the delay lines, the speakers 
outputting, according to the modulated ultrasonic signal as 
delayed by the delay lines, ultrasonic waves in a beam 
pattern steered to the angle fl 0 , the ultrasonic speakers 
being disposed with center- to-center distance d that is 
greater than half-wavelength X /2 of the ultrasonic waves, 
resulting in the beam pattern including a main lobe and at 
least one grating lobe, the main lobe having a mode number K, 
a grating lobe nearest to the main lobe having an 
attenuation G A with respect to attenuation at the main lobe, 
values of the distance d, the frequency f, the mode number K, 
the attenuation G a , and the angle 0 a being related as 
follows : 



(38) 



G fl =201og 







cos r ^sin" 1 





wherein c is the speed of sound. 

2. An ultrasonic speaker system as claimed in claim 1, 
further comprising a convex reflector disposed in the path 
of the main lobe for increasing steering angle* 

3. An ultrasonic speaker system as claimed in claim 1, 
further comprising a preprocessor for processing the audio 
signal input to the ultrasonic modulator to reduce 
distortion of outputted audible sound. 
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ABSTRACT 



An ultrasonic speaker system includes an ultrasonic 
modulator, a plurality of delay lines, and a plurality of 
ultrasonic speakers connected in a one-to-one correspondence 
to the delay lines. The ultrasonic modulator modulates, 
based on an input audio signal, an ultrasonic signal that 
has a center frequency f . The plurality of delay lines delay 
the modulated ultrasonic signal from the ultrasonic 
modulator for beam steering to an angle 8 0 - The speakers 
output ultrasonic waves in a beam pattern steered to the 
angle 8 c . The ultrasonic speakers are disposed with center- 
to-center distance d that is greater than half-wavelength X 
12 of the ultrasonic waves. As a result, the beam pattern 
includes a main lobe and at least one grating lobe. The main 
lobe has a mode number K and the grating lobe has an 
attenuation G a with respect to attenuation at the main lobe* 
The values of d, f, K, G a , and0 o are related as follows: 




cos^ 



wherein c is the speed of sound. 



